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Abstract
The rate of increase in cell area of CHO cells when measured at intervals of 1 min using a light microscope equipped with a
video measurement system, oscillated with a minimum period of about 24 min. The pattern of oscillations paralleled those of
the 24 min period observed with the oxidation of NADH by an external cell surface or plasma membrane NADH oxidase.
The increase in cell area was non-linear. Intervals of rapid increase in area alternated with intervals of rapid decrease in area.
The length of the 24 min period was temperature-compensated (approximately the same when measured at 14‡C, 24‡C or
34‡C) while the rate of cell enlargement increased with temperature over this same range of temperatures. ß 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction
A relationship of the plasma membrane-associated
NADH oxidase (NOX) protein to growth of cells in
culture has been indicated from inhibitor studies [1].
Without exception, compounds that stimulate the
NADH oxidase stimulate growth whereas com-
pounds that inhibit the NADH oxidase inhibit
growth [1].
Because the cell surface NADH oxidase is local-
ized at the external cell surface [2], it is unlikely that
NADH is a physiological substrate for the activity.
Reduced coenzyme Q [3] serves as an electron donor
for the solubilized and partially puri¢ed cell surface
NOX protein from HeLa cells. Alternative electron
acceptors to molecular oxygen are protein disul¢des
[4]. The function of the NOX proteins to cleave and
reform disul¢de bonds has led both to restoration of
activity to scrambled and inactive ribonuclease [5]
and to development of a simple, direct spectrophoto-
metric assay based on the cleavage of dithiodipyri-
dine substrates [6].
A functional characteristic common to all three
manifestations of NOX activity (NADH oxidation,
hydroquinone oxidation and protein disul¢de^thiol
interchange) is that the activities oscillate with a pe-
riod of 24 min [1,3,7,8]. The oscillations in NADH
oxidase or hydroquinone oxidase activities have been
observed with soybeans [7,8], human sources (HeLa
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cells and serum) [3,9] and bovine milk fat globule
membrane (a derivative of mammary epithelium)
[9]. The oscillations have been observed with intact
tissues (soybean) [7], cells (HeLa) [9], puri¢ed plasma
membranes (soybeans, HeLa and bovine) [7^9] and
with the solubilized and puri¢ed NOX protein (HeLa
and soybean) [3,8].
If NADH oxidase activity is correlated with cell
enlargement, then the rate of cell enlargement also
should be periodic with a major period of 24 min. As
shown by data of this report, this expectation is
borne out with enlargement of Chinese hamster ova-
ry (CHO) cells grown in culture. Both the oxidation
of NADH by plasma membranes or cells and the
steady state increase in cell area in this cell line are
strikingly periodic. The major period of the oscilla-
tions for both activities is about 24 min.
2. Materials and methods
2.1. Growth of cells
CHO cells were obtained from the American Type
Culture Collection (Rockville, MD, USA) and were
grown in 175 cm2 £asks in Minimal Essential Me-
dium (Gibco), pH 7.4, at 37‡C with 10% calf serum
(heat-inactivated), plus 50 mg/l gentamicin sulfate
(Sigma). For measurements of NADH oxidase activ-
ity, cells were harvested by scraping and taken up in
140 mM NaCl, 5 mM KCl, 0.7 mM Na2HPO4 and
25 mM Tris, pH 7.4, to a ¢nal cell concentration of
0.1 g wet weight per ml and assayed directly or used
for preparation of plasma membranes.
2.2. Puri¢cation of plasma membranes from cultured
cells
Cultured cells were collected by centrifugation for
6^15 min at 175^1000Ug. The cell pellets were re-
suspended in 0.2 mM EDTA in 1 mM NaHCO3 in
an approximate ratio of 1 ml per 108 cells and in-
cubated on ice for 10^30 min to swell the cells.
Homogenization was achieved in 7^8 ml aliquots
with a Polytron homogenizer (Brinkmann) for 30^
40 s at 10 500 rpm, using a ST-10 probe. To estimate
breakage, the cells were monitored by light micros-
copy before and after homogenization. At least 90%
cell breakage without breakage of nuclei was
achieved routinely.
The homogenates were centrifuged for 10 min at
175Ug to remove unbroken cells and nuclei and the
supernatant was centrifuged a second time at
1.4U106UgWmin (e.g. 1 h at 23 500Ug) to prepare
a plasma membrane-enriched microsome fraction.
The supernatant was discarded and the pellets were
resuspended in 0.2 M potassium phosphate bu¡er in
a ratio of W1 ml per pellet from 5U108 cells. The
resuspended membranes were then loaded onto the
two-phase system constituted on a weight basis con-
sisting of 6.6% (w/w) dextran T-500 (Pharmacia) and
6.6% (w/w) polyethylene glycol 3350 (Fisher) in a
5 mM potassium phosphate bu¡er (pH 7.2) for aque-
ous two-phase separation as described [10]. The
upper phase, enriched in plasma membranes, was
diluted 5-fold with 1 mM sodium bicarbonate and
the membranes were collected by centrifugation.
The purity of the plasma membrane was determined
to be s 90% by electron microscope morphometry.
The yield was 20 mg plasma membrane protein from
1010 cells.
2.3. Spectrophotometric assay of NADH oxidase
NADH oxidase activity was determined as the dis-
appearance of NADH measured at 340 nm in a re-
action mixture containing 25 mM Tris^Mes bu¡er
(pH 7.2), 1 mM KCN to inhibit low levels of mito-
chondrial oxidase activity, and 150 WM NADH at
37‡C with temperature control ( þ 0.5‡) and stirring
[7]. Activity was measured using paired Hitachi
U3210 spectrophotometers. Assays were initiated by
addition of NADH. With plasma membranes and
whole cells, assays were for 1 min and were repeated
on the same sample every 1.5 min for the time in-
dicated. A millimolar extinction coe⁄cient of 6.22
was used to determine speci¢c activity.
Proteins were estimated by the bicinchoninic acid
method [11] with bovine serum albumin as standard.
2.4. Growth measurements
Cells were grown for 24 h on glass coverslips
placed in small culture dishes with media. Direct
measurements were made of attached cells grown
on coverslips. Observations were made with an
BBAMCR 14662 10-10-00
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Olympus Vanox-S Microscope, Model AHBS, di¡er-
ential interference contrast optics. The microscope
was coupled to a Hamamatsu CE400-07 video cam-
era system with a Hamamatsu (700 horizontal lines)
camera head for viewing and data recording. As re-
quired, Hamamatsu Argus-10 and Argus-20 real time
digital contrast and low light enhancement image
processing were used. Increases in area were moni-
tored for 90 min to 120 min for each cell analyzed. In
order to maintain the proper growth environment for
the cells, a chamber was constructed to allow fresh
media to £ow under the coverslip. This was accom-
plished using transparent tape along the edges of the
slide and grease was applied along the tape to secure
the coverslip and to avoid movement of the coverslip
as media £owed through the space. A coverslip was
placed upside-down over the slide to maximize focus-
ing capabilities by preventing the microscope from
having to focus through the medium. The cells
were regularly supplied with fresh media. Water cir-
culating through a brass block with a viewing port
that was placed over the microscope slide provided
temperature control. Temperature at the slide surface
was monitored by means of a thermocouple.
Using freeze frame technology, the tape was
stopped at 1 min intervals. A digital trace of the
cell perimeter was then made. The area of the cell
was calculated using the Hamamatsu Argus-10,
equipped with the appropriate software. Each frame
was measured three times. The measurements were
Fig. 1. Appearance of the attached CHO cells used for measurements of cell area. A: 14‡C. B: 24‡C. C: 34‡C.
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then averaged and standard deviations were deter-
mined using Microsoft Excel. Due to the irregular
geometry of the attached cells, no attempt was
made to calculate volumes from the primary area
data.
2.5. Statistical analysis
Results were analyzed using fast Fourier transform
and decomposition ¢ts. To determine the period
length of the NADH oxidase activity, the fast Four-
ier transforms were performed by means of a user-
de¢ned transform in SigmaPlot 5.0. Decomposition
¢ts on both the enzyme activity and the growth de-
terminations were used to predict seasonal patterns
based on the period length established by Fourier
analysis. The decomposition ¢ts used MINITAB, a
statistical package.
3. Results
The typical appearance of the cells measured at
each of the three di¡erent growth temperatures is
illustrated in Fig. 1. Cells that were excessively
rounded or £attened were avoided as were cells rep-
resenting size extremes.
For comparison with cell enlargement measure-
ments, the NADH oxidase activities of both intact
CHO cells (Fig. 2) and plasma membranes isolated
from CHO cells (Fig. 3) were analyzed. Since the cell
Fig. 2. Periodicity of NADH oxidase activity of intact CHO
cells at 14‡C (A), 24‡C (B) and 34‡C (C). The period length as
determined by Fourier analysis remained constant at ca. 24 min.
Points are averages of three assays þ S.D.
Fig. 3. Periodicity of NADH oxidase activity of plasma mem-
brane isolated from CHO cells at 14‡C (A), 24‡C (B) and 34‡C
(C). The rate approximately doubled for every 10‡C rise in tem-
perature while the period length remained constant. Points are
averages from three assays þ S.D.
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surface NADH oxidase is localized at the outer
membrane surface, measurements were made both
with plasma membranes and with intact cells. The
activity of both the whole cells and of the plasma
membranes oscillated with a major period of about
24 min. The periodic nature of the oscillations was
veri¢ed by Fourier analysis (Fig. 4). The maximum
amplitude for both CHO cells (Fig. 4A) and plasma
membranes isolated from CHO cells (Fig. 4B) coin-
cided with a frequency of 0.0417 cycles/min or a
period length of ca. 24 min.
An important characteristic of the oscillatory be-
havior of the cell surface NADH oxidase was that
the period length was independent of temperature
(temperature-compensated). These ¢ndings, summa-
rized in Table 1, were based on Fourier analysis of
the rate data comparing 14, 24 and 34‡C. NADH
oxidase rates comparing 14‡C (Fig. 2A), 24‡C (Fig.
2B) and 34‡C (Fig. 2C) for intact CHO cells showed
that while the rate of NADH oxidation approxi-
mately doubled for each 10‡C rise in temperature
(Q10w2), the period length was unchanged. Simi-
larly, NADH oxidation for plasma membranes iso-
lated from CHO cells when assayed at 14‡C (Fig.
3A), 24‡C (Fig. 3B) and 34‡C (Fig. 3C) also approx-
Fig. 4. Fourier analysis of 24‡C NADH oxidase activity of
CHO cells (A) and CHO cell plasma membranes (B). Data ana-
lyzed are given in Figs. 2B and 3B. The maximum amplitude
for Fourier analysis coincided with a frequency of 0.0417
cycles/min and corresponds to a period length of ca. 24 min.
Table 1
Fourier analyses of NADH oxidase periodicities of CHO cells













aThe period was determined from the frequencies observed at
maximum amplitude.
Fig. 5. Decomposition analysis at 24‡C of the periodicity of
NADH oxidase activity of CHO cells at 24‡C (A) and plasma
membranes (B) isolated from CHO cells. The decomposition
¢ts (open triangles, dotted lines) show the reproducibility of the
pattern of periodicity. Data analyzed are given in Figs. 2B and
3B with Fourier analysis provided in Fig. 4.
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imately doubled for each 10‡C rise in temperature
while the period length remained constant.
The rate data for NADH oxidation were sub-
jected, as well, to decomposition analyses. Decompo-
sition ¢ts show the reproducibility of the pattern of
periodicity (Fig. 5). Not only do the major 24 min
£uctuations coincide with the predicted values but
the minor oscillations between the major peaks also
reproduce. For both intact cells (Fig. 5A) and iso-
lated plasma membrane vesicles (Fig. 5B), four mi-
nor plus the major activity maximum were observed
within each 24 min period. The data, while approxi-
mated by a sine wave function, appear in reality to
be composed of sets of subperiods of ca. 5 min du-
rations.
When increase in cell area was measured, the in-
crease £uctuated with alternating rapid and slow
rates. Maxima and minima were separated by ca.
12 min giving rise to a period length of 24 min
(Fig. 6). The cell enlargement data were most ame-
nable to analysis by decomposition. With the trend
component subtracted, the periodic (seasonal) £uctu-
ation was clearly seen. The small cell of Fig. 6 nearly
doubled in size whereas the large cell of Fig. 7B
enlarged more slowly. Yet, cell areas of both cells
oscillated to about the same extent.
Since both the NADH oxidase activity and the
increase in cell area were periodic with a comparable
period length of 24 min, the response of the increase
in cell area (cell enlargement) to temperature was
examined. The oscillatory increase in cell area was
most clearly seen at 24‡C (Fig. 7B). Maxima and
minima (arrows) were observed to occur 24 min
apart. When measured at 14‡C, the cells failed to
enlarge appreciably over 90 min but cell area appar-
Fig. 6. Periodicity of growth (increase in area) of CHO cells at
24‡C determined using video-enhanced microscopy. Area mea-
surements were every min over 110 min. Arrows spaced 24 min
apart coincide with the positions of minima determined from
the detrended decomposition ¢t (open triangles, dotted lines).
Fig. 7. Periodicity of growth of CHO cells at 14‡C (A), 24‡C
(B) and 34‡C (C) determined using video-enhanced microscopy.
Area measurements were taken every min over 90 min. Arrows
spaced 24 min apart coincide with the positions of statistically
signi¢cant minima determined from detrended decomposition
¢ts as illustrated in the ¢gure.
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ently continued to £uctuate with a period of ca.
24 min (Fig. 7A). The £uctuations evidenced by sta-
tistically signi¢cant minima (arrows) were spaced at
24 min intervals. These were independently veri¢ed
by decomposition analysis as illustrated for Fig. 6.
At 34‡C, the rate of cell enlargement more than
doubled compared to 24‡C (Fig. 7C). However, the
periods of increase again were clearly separated by
statistically signi¢cant minima (arrows). When sub-
jected to decomposition analysis, a constant period
length of 24 min at all three temperatures, 14‡C,
24‡C and 34‡C, was observed. These data are sum-
marized in Table 2 for the increase in cell area for
three di¡erent cells for each of the three tempera-
tures.
4. Discussion
When cells divide, each of the two daughter cells
must reach some minimum size in order to divide
again [12]. One measure of increase in cell size is
increased surface area. Area can increase either
through cell enlargement or cell £attening. Cells for
measurement were selected as having a typical ap-
pearance. Excessively rounded or £attened cells
were avoided. What was measured here may be
some combination of enlargement and £attening
although care was taken to make measurements on
enlarging rather than £attening cells.
A 24 min oscillation in rate of cell enlargement
was observed previously for plant stem segments [1]
where cell £attening does not occur due to support
provided by the cellulosic walls. Similarly, measure-
ments from di¡erential contrast images of cells of
plant epidermal strips showed the same pattern of
rapid enlargement followed by cell shrinkage as ob-
served here for CHO cells.
The periodic nature of the cell surface NADH ox-
idase has been reported previously both for plants [7]
and HeLa cells [9]. The cDNA for the HeLa oxidase
has been cloned and the protein when expressed in
bacteria shows the same pattern of periodicity as the
protein at the cell surface [1]. An intact cell or even
an intact membrane is not required to observe the
periodic oscillation. The property is inherent in the
NOX protein.
An unusual feature of the periodic oscillations of
the NADH oxidase activity is that the period length
is independent of temperature (temperature-compen-
sated). The period length of the oscillations is the
same at 14‡C, 24‡C and 34‡C. A similar temperature
independence is seen with the period length of the
oscillations in cell area. The precise period length
of 24 min and the temperature independence of peri-
od length are largely unprecedented for an enzymatic
biochemical reaction and suggest that the NADH
oxidase activity and cell enlargement are somehow
linked.
The possibility that the oscillatory behavior of the
NOX protein is a manifestation of a classic Belou-
sov-Zhabotinsky (BZ) reaction, oscillatory reactions
observed in systems far from equilibrium, has been
given serious consideration. This possibility is con-
sidered unlikely since the frozen preparations of
NOX proteins continue to oscillate for several years
with no change in period length or amplitude. BZ
oscillations are chemical reactions highly dependent
on amounts and ratios of reactants and on temper-
ature [13]. In contrast to systems exhibiting BZ os-
cillation, the NOX oscillations occur over a wide
range of substrate, pH and temperatures. The alter-
ation of activities with two di¡erent substrates is the
basis for the periodic behavior [7] and the temper-
ature independence of period length (Table 1) is un-
known for BZ oscillations.
While correlations do not prove causality, our
studies have consistently demonstrated that NOX
activity (measured oxidation of NADH) of isolated
vesicles of plasma membrane or with intact cells and
cell enlargement are correlated [1]. The correlations
hold both for growth stimulation and for growth
inhibitors. Conditions that stimulate the NOX pro-
tein stimulate cell enlargement, while conditions that
Table 2
Period length of enlargement of CHO cells
Temperature Period length (min)a
14‡C 24.2 þ 1.5
24‡C 24.9 þ 1.7
34‡C 23.8 þ 2.1
Mean 24.0 þ 0.2
aPeriod length was determined by decomposition analysis from
di¡erential contrast images recorded at 1 min intervals. Results
are means from three di¡erent cells at each of the three temper-
atures.
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inhibit the activity of the NOX protein inhibit cell
enlargement.
If NADH oxidase activity and cell enlargement are
correlated, the rates of cell enlargement should also
oscillate with a period of 24 min in parallel to the
activity of the NOX protein. This expectation has
now been realized for mammalian cells in culture.
When assayed at intervals of 1 min, enlargement of
CHO cells does appear to oscillate with a period of
ca. 24 min. These data are of interest in that during
portions of the cycle where active growth stops, the
cells actually shrink suggesting that the portions of
the cycle where enlargement occurs involve active
stretching.
Why cells should pulse as they enlarge cannot be
determined within the context of the present under-
standing of the cell surface NADH oxidase. The ba-
sis for the periodic activity is an alternation of qui-
none or NADH oxidation and a protein disul¢de^
thiol interchange activity [1]. It may be that the latter
is more important to growth than the former.
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